The transcriptional machinery involved in the transition of an infant from intrauterine to air-breathing life is developmentally regulated, as the fetus and adult manifest differential genetic expression. The low oxygen (O2) environment of the mammalian fetus and the increase in O2 tension that occurs at birth may account for the developmentally regulated alterations in gene expression. We tested the hypothesis that hypoxia-inducible factor 1 (HIF-1) expression, an O2-sensitive transcription factor, is developmentally regulated. We found that in fetal pulmonary artery (PA) smooth muscle cells (SMC), fetal HIF-1 protein levels were O2-insensitive, whereas in adult PA SMC, hypoxia increased HIF-1 protein expression. Surprisingly, hypoxia increased HIF-1 mRNA expression in fetal, but not in adult, PA SMC. HIF-1 degradation and transcriptional activity is contingent on prolyl-and asparagylhydroxylases. To determine whether developmental differences in O2 sensitivity or expression of these enzymes accounts for the divergence of HIF-1 sensitivity between fetus and adult, we studied the expression of the three most well characterized prolylhydroxylases, PHD1, PHD2, and PHD3, and the expression of regulators of HIF-1 transcriptional activity, asparagyl-hydroxylase, factor inhibiting HIF, and the oncogenic factor, CITED2 (CREBbinding protein/p300 interacting transactivator with ED-rich tail). We found that, as in the case of HIF-1, these genes are differentially regulated in the fetus, enabling the mammalian fetus to thrive in the low O2 tension intrauterine environment even while rendering a newborn infant uniquely well adapted to respond to the acute increase in O2 tension that occurs at birth. development ͉ lung ͉ oxygen sensing
H ypoxia-inducible factor 1 (HIF-1), a key transcription factor that is central to oxygen homeostasis, enables the cell to respond to changes in oxygen (O 2 ) availability, an essential response in many developmental, physiological, and pathological processes. It has been shown that HIF-1 regulates the transcription of many genes involved in the cellular and systemic response to oxygen availability, including genes involved in angiogenesis (i.e., VEGF), oxygen transport (i.e., erythropoietin), and energy metabolism (i.e., glycolytic enzymes) (1) . HIF-1 is also a key player in pathophysiological processes such as cancer, as hypoxic microenvironments in a tumor triggers expression of angiogenic genes that promote the growth of the newly vascularized tumor (2, 3) .
From a teleologic perspective, the transition from the relatively low O 2 tension intrauterine environment to air-breathing life entails an unprecedented and absolutely required response to an increase in oxygen availability. The physiologically low O 2 environment of the fetus might be essential for fetal vascular growth and lung morphogenesis (4) and other early embryo developmental programs (5) . As a master regulator of the oxygen response, it follows that the molecular mechanisms responsible for fetal life and its transition to a newborn might involve HIF-1. Under normoxic conditions, the ␣ chain of HIF-1 is eliminated by degradation, rendering HIF-1 inactive. In low O 2 environments, HIF-1 forms a dimer, is stabilized, and can translocate to the cell nucleus, thereby promoting transcription of hypoxia-sensitive genes (6, 7) .
The molecular expression and activity of the HIF-1 protein are tightly regulated by at least two complementary mechanisms, one involving the degradation of HIF-1 under normal oxygen levels via the ubiquitination-degradation pathway mediated by hydroxylases, and the other involving the blocking of HIF-1 transcriptional activity by either hydroxylation or domain competition (8) . Hypoxia inactivates these pathways to limit HIF-1 activity. Recently, it has been demonstrated that ubiquitination and proteasomal degradation renders HIF-1 ␣ unstable under normal oxygen conditions (9, 10) through O 2 -dependent hydroxylation of two proline residues in its ␣ chain (Pro 564 and Pro 402 ), thereby targeting HIF-1 for proteasomal degradation by the von Hippel-Lindau ubiquitin E3 ligase complex (9, 10) . Enzymes that catalyze proline hydroxylation, termed prolylhydroxylases, or PHDs (1, 2, and 3), use molecular O 2 as a substrate. As O 2 availability determines PHD activity, these enzymes may be the primary oxygen sensors, linking O 2 concentration and HIF-1 protein levels (11) . Although the three PHDs are capable of regulating HIF-1, their activity and cellular distribution varies (12) (13) (14) . PHD2 likely has the dominant role (15) , because ''silencing'' of PHD2 with siRNAs stabilizes and activates HIF-1␣ in normoxia, whereas silencing of PHD1 and PHD3 has no effect on the stability of HIF-1␣. PHD2 and PHD3 expression are up-regulated by hypoxia by HIF-1, providing an autoregulatory mechanism of HIF-1 stability driven by oxygen tension (16, 17) . Paradoxically, the expression of these hydroxylases is induced in hypoxic cell culture despite the fact that the reduced availability of the O 2 cosubstrate renders them inactive, suggesting that the PHD function to rapidly terminate the HIF-1 response upon reoxygenation (8, 16 ).
An additional layer of O 2 -dependent regulation of the HIF-1 response centers on its transactivating function. The ability of HIF-1 ␣ to interact with cotranscription factors such as CREBbinding protein (CBP)/p300 is also regulated by a hydroxylationdependent switch. Asparagine hydroxylation of the C-terminal transactivation domain (CTAD) of HIF-1 prevents its interaction with CBP/p300, a necessary cofactor for HIF-1-mediated transcription. As with the case of PHDs, asparagyl-hydroxylation is blocked by hypoxia (18) . The enzyme responsible for this was originally called factor inhibiting HIF-1 (FIH-1), a CTADinteracting factor later found to be an asparagyl-hydroxylase. As with the PHDs, the fact that O 2 is a principal substrate of FIH-1 makes this enzyme a legitimate oxygen sensor that represents an added level of regulation of the hypoxic response.
CBP/p300 interacting transactivator with ED-rich tail (CITED2) is similar to FIH-1 in its ability to block the HIF-1 transactivation domain from interacting with the CBP/p300 cofactor, but differs in its mechanism of action. CITED2 is a ubiquitously expressed protein that competes with HIF-1␣ for binding to the CBP/p300 domain (19) . CITED2 is activated by hypoxia by HIF-1 itself, providing an additional layer of HIF-1 autoregulation by controlling HIF-1 ␣ access to CBP/p300, and therefore limiting HIF-1-dependent hypoxic response. Inactivation of HIF-1 target genes in CITED2 knockout mice seems to support the role of CITED2 as a HIF-1 competitor (20) . Similar to PHD2 and FIH, CITED2 activation by hypoxia might indicate a role for this molecule in the rapid inactivation of the hypoxic response upon reoxygenation. CITED2 may play a role in heart morphogenesis and the establishment of left-right asymmetry in the early embryo (20) (21) (22) .
Because changes in oxygen tension at birth might signal an important transcriptional adaptation of the fetus to the airbreathing life of the newborn infant, we investigated the role of HIF-1 in that transition. We found that expression of HIF-1 ␣ is developmentally regulated, as is the expression of the PHDs and asparagyl-hydroxylases and other competing factors that control HIF-1␣ expression and activity. The well coordinated developmental regulation of the components of the HIF-1 pathway in the fetus suggests that the fetus represents a particular transcriptional paradigm that, in response to differential oxygen availability, produces a specific physiological and developmental response.
Results and Discussion
Expression of HIF-1 Is Developmentally Regulated. We compared HIF-1 protein levels in fetus and adult pulmonary artery (PA) smooth muscle cells (SMC) under both normoxia and hypoxia. Fig. 1 demonstrates the results of Western blotting for HIF-1 protein normalized to ␤-actin. Hypoxia (PaO 2 ϭ 25 torr) increased HIF-1 protein in adult PA SMC, but had no effect on HIF-1 protein levels in fetal PA SMC. To further verify the results, we measured the protein by using ELISA on the nuclear extract. Under hypoxic conditions, HIF-1 protein levels were markedly increased in adult PA SMC [normoxia ϭ 0.58 Ϯ 0.13 arbitrary units (a.u.); hypoxia ϭ 1.32 Ϯ 0.15 a.u.; P Ͻ 0.001], whereas hypoxia had no effect on fetal PA SMC (normoxia ϭ 1.42 Ϯ 0.13 a.u.; hypoxia ϭ 1.37 Ϯ 0.20 a.u.). Surprisingly, in a separate set of experiments (data not shown) even anoxia had no effect on fetal HIF-1 protein levels (normoxia ϭ 1.0 Ϯ 0.12 a.u.; anoxia ϭ 0.85 Ϯ 0.20 a.u.) in fetal PA SMC.
To compare mRNA levels in both fetal and adult PA SMC, RT-PCR was performed on PA SMC derived from at least four different animals (both adult and fetus). In contrast to the effect of hypoxia on HIF-1 protein levels, hypoxia had no effect on adult PA SMC HIF-1␣ mRNA expression (Fig. 2) , whereas hypoxia caused an increase in fetal PA SMC HIF-1␣ mRNA expression (26.7 Ϯ 4.4%; P Ͻ 0.01).
These observations suggest that, in the fetus, HIF-1 protein expression is O 2 -insensitive, whereas mRNA expression is sensitive to hypoxia. To elucidate the mechanisms whereby fetal HIF-1␣ is rendered O 2 -insensitive, molecules involved in the regulation of HIF-1␣ stability were interrogated. In specific, we sought to determine whether differential regulation in the fetus prevents degradation of HIF-1␣.
PHD2 and PHD3 Are Developmentally Regulated. PHDs are O 2 -sensitive (11). PHD2 levels are increased by hypoxia (15, 23) . Consistent with these results, we found that hypoxia significantly increased PHD2 protein expression in adult, but not fetal, PA SMC. Neither PHD2 protein nor mRNA expression changed with hypoxia in fetal PA SMC. Consistent with HIF-1, the oxygen sensitivity of PHD2 protein expression is developmentally regulated. PHD2 protein and gene expression was significantly greater in fetal compared with adult PA SMC (Figs. 3  and 4) .
The teleologic reason for the differential expression of PHD2 between fetus and adult is unclear, but may relate to the critical role of the PHDs upon reoxygenation (8, 15, 16) to ensure rapid cessation of the hypoxic response. Similarly, PHD2 mRNA and protein levels might be relatively high in the term mammalian fetus to ready the fetus to rapidly silence the HIF-1-dependent 21 experiments) PA SMC, hypoxia increased HIF-1 mRNA expression ( * , P Ͻ 0.01, versus normoxia), whereas in adult (n ϭ 8 animals; 24 experiments) PA SMC hypoxia had no effect on HIF-1 mRNA expression.
transcription immediately upon initiation of air-breathing life. The critical changes that quickly occur at birth, like pulmonary vascular relaxation and vascular remodeling (such as closure of the ductus arteriosus), might require an immediate reprogramming of the cellular transcriptional machinery. A build-up of the enzymes that destroy and inactivate HIF-1 before birth may represent a necessary step that enables the swift termination of the HIF-1 pathway. At the same time, the low oxygen availability in the fetus likely prevents the accumulated PHD2 from promoting HIF-1␣ degradation in the fetus, where the HIF-1␣ expression is required for fetal development. Consistent with the notion of PHD2 ''build-up'' before birth, we found that mRNA levels for PHD2 are also increased in the late-gestation fetus compared with an adult (Fig. 4) . mRNA expression of PHD2 is 4-fold greater in the fetus compared with the adult. The difference in expression might serve to ensure that PHD2 protein can be produced in sufficient quantities at birth to enable an almost immediate halt in HIF-1␣ protein production upon introduction to air-breathing life. The relative differences in PHD2 protein and mRNA expression could be caused by differential hypoxia-induced inhibition of transcription (24) .
Similarly, PHD3 mRNA levels are increased in the fetus compared with the adult, albeit to a lesser degree than PHD2, as PHD3 mRNA expression is 25% higher (P Ͻ 0.03) in the fetus compared with the adult (Fig. 5 ). We were unable to confirm this observation at the protein level, as the abundance of PHD3 seems below the threshold of our Western blotting detection capabilities.
Our results demonstrate that both mRNA and protein expression of PHD expression (mainly PHD2) are increased in the term fetus. Despite the elevation of PHD expression, HIF-1␣ protein expression is O 2 -insensitive. We speculate that the role of PHD may be to ''turn off'' the HIF-␣ machinery immediately after birth. Although the O 2 insensitivity of HIF-1␣ is unprecedented, it suggests that the molecule is absolutely required for normal fetal growth and development. This interpretation begs the question of the control of HIF-1 expression and activity in the normal fetus.
Asparagyl-Hydroxylase FIH-1 and CITED2 are Developmentally Regulated. To interrogate the expression of alternative molecules responsible for controlling HIF-1 expression in the fetus, we studied the expression of the HIF-1␣ transactivator blocker FIH-1. Western blotting showed that asparagyl-hydroxylase FIH protein levels may be slightly increased in fetal cells, compared with the adult (Fig. 6) , whereas its gene expression is greatly increased relative to the adult cells ( Fig. 7 ; P Ͻ 0.001). The teleologic reason for the relative increases in both the PHDs and asparagyl-hydroxylases in the fetus compared with the adult may be informed by divergent O 2 affinities of the molecules. Although the fetal environment is relatively low in oxygen, it is not an oxygen-free system. The accumulation of PHD in the preterm fetus might be ''safe,'' from a HIF-1␣ standpoint, as the fetal environment might be insufficiently hypoxic to elicit the hydroxylation reaction that targets HIF-1 for degradation. Alternatively, FIH hydroxylase activity is likely to be comparatively active in that same environment (25) , in such a way that its expression at high levels could hinder HIF-1-dependent transcription in the fetus. (11) , whereas a larger decrease in O 2 concentration is needed for a significant decrease in the activity of FIH (25) . The observation that CITED2 mRNA expression is developmentally regulated, with genetic expression being 4-fold greater in the fetus compared with the adult (Fig.  8) is consistent with the notion that HIF-1 expression and activity is essential in the fetus and is amenable to rapid inactivation, via multiple, yet complementary, mechanisms, upon introduction to the postnatal oxygen-rich environment.
In conclusion, we report that in the fetal pulmonary vasculature, HIF-1␣ protein is oxygen-insensitive, whereas HIF-1␣ RNA is sensitive to a change in oxygen tension. These results stand in sharp contrast to the interaction between either HIF-1␣ protein or mRNA in the pulmonary vasculature of the adult wherein protein is highly sensitive to a change in oxygen tension, whereas genetic expression does not vary with oxygen tension. Moreover, the expression of several molecules critical for HIF-1␣ activity differs with respect to both oxygen sensitivity and developmental stage. These findings have important implications for lung development in both normal newborns and infants born prematurely.
Methods
Animals. Fetal and adult sheep were used according to procedures previously reviewed and approved by the Animal Care and Use Committee at the University of Minnesota Medical School. Fetal sheep ages ranged from 135 to 142 days gestation (term ϭ 147 days).
Cell Cultures. The techniques used for the isolation of ovine PA SMC have been described (27) . Distal PAs were quickly excised from pentobarbital-anesthetized ovine fetuses and placed in physiological saline solution (120 mM NaCl/5.9 mM KCl/11.5 mM dextrose/25 mM NaHCO 3 /1.2 mM NaH 2 PO 4 /1. MgCl 2 /1.5 mM CaCl 2 ). PA SMCs were isolated from fourthgeneration resistance PAs. Loose connective tissue and adventitia were removed, and the vessels were liberally rinsed with MEM (0.2 mM Ca 2ϩ ). Vessel segments were carefully cut into small pieces and placed into 50-ml conical flasks containing 5.0 ml of the enzymatic dissociation mixture, which consisted of 0.125 mg/ml elastase (Sigma, St. Louis, MO), 1 mg/ml collagenase (Worthington Biochemical, Freehold, NJ), 2.0 mg/ml BSA, 0.375 mg/ml soybean trypsin inhibitor (Sigma), and 4 ml of MEM. After incubation at 37°C for 60 min in a shaking bath, the tissue suspension was triturated 10 times every 15 min in a plastic pipette for a total incubation period of 90-120 min. The tissue suspension was then passed through a 100-m nylon mesh (Nitex; Tetka, Elmsford, NJ) to separate dispersed cells from undigested vessel wall fragments and debris. The filtered suspension was centrifuged (200 ϫ g for 10 min), and the cell pellet was resuspended in 10 ml of MEM supplemented with 10% heat-inactivated calf serum. The dispersed cell suspension was aliquoted onto 25-mm 2 glass coverslips coated with poly-L-lysine (Sigma) and into 25-cm 2 tissue culture flasks (Falcon Plastics, Oxnard, CA) at a density of 5 Ϫ10 ϫ 10 3 cells/cm 2 . The cells were incubated at 37°C in either a humidified 5% oxygen, 5% CO 2 balance nitrogen atmosphere or a humidified air, 5% CO 2 atmosphere (27, 28) . After 18-24 h the cultures were washed once with Hanks' balanced salt solution to remove nonadherent cells and debris and refed with fresh medium. Medium was routinely exchanged at 72-h intervals. Cells were studied between days 5 and 14 of culture. Cell density stabilized as subconfluent monolayers after 3-5 days in culture. To verify the cell population, PA SMCs were routinely stained with ␣-actinspecific antibody after 5, 10, and 14 days in culture.
Protein Assays. For Western blotting and ELISAs, fetal and PA SMC were incubated under either normoxic or hypoxic conditions as described (27, 28) . Eight micrograms of nuclear extract was used in ELISAs (Active Motif, Carlsbad CA), and results were standardized to COS7 nuclear protein. All protein experiments were performed in duplicate for each sample.
RT-PCR. Total RNA was extracted from PA SMC in primary culture using the guanidium thiocyanate-phenol-chloroform method (TRI Reagent; Sigma). The samples were processed according to reagent instructions. Optical density was measured to determine the RNA concentration. One microgram of RNA was added to 11 l of First Strand cDNA Synthesis reagent (Amersham Pharmacia, Piscataway, NJ) with random hexamers as primers in a final volume of 33 l. One to 2 l of this reverse transcription reaction were used in each PCR. Oligonucleotides primers used to amplify HIF-1␣ were based on the homologue human and other mammalian sequences. The amplified product was consistent with that predicted.
18S rRNA was analyzed in RT-PCR as an internal control by using a QuantumRNA primer/competimer set (Ambion, Austin, TX) to allow relative quantitation. Samples without reverse transcriptase were evaluated as controls. Densitometry analysis was used in relative quantitation assessment of the RT-PCR product (NIH Image; Scion, Frederick, MD). The relative density of the 18S ribosomal and HIF-1 PCR products were compared in each individual gel. RT-PCR was performed on cell cultures derived from at least four different animals (both mother and fetus).
Real-Time PCR. The expression of mRNAs was analyzed by real-time quantitative RT-PCR (qPCR). Total RNA was isolated from SMC as described. cDNA was synthesized (SuperScript III; Invitrogen, Carlsbad, CA) and subsequently amplified on the Mx3000P instrument (Stratagene, La Jolla, CA) using Brilliant SYBR Green QPCR master mix, which contains SureStart TaqDNA polymerase, SYBR Green-I dye, dNTPs, and the reference dye (Stratagene). The PCR was run under the following conditions: denaturation at 95°C 10 min, followed by 40 cycles of 95°C for 30 s, 60°C for 1 min, and 72°C for 30 s. Amplified products were incubated at 95°C for 1 min and 55°C for 30 s to plot dissociation curves. Primers used to amplify PHDs 1-3 and asparagyl-hydroxylase FIH-1 were designed from matching sequences of known mammalian (human, cow, mice) genes when available, and their use was optimized for qPCR analysis as suggested by the manufacturer. PCR quality and specificity was verified by dissociation curve analysis. The primer sets used are shown in Table 1 .
Results were obtained by comparative quantitative PCR analysis using MxPro software (Stratagene), with the ␤-actin amplification signal as internal ''normalyzer'' (to correct for total sample RNA content) and labeling the adult sample as the ''calibrator.'' Results are expressed as the change in expression relative to the control. Experiments were performed three times for each sample.
Statistical Analysis. Throughout, results are presented as means Ϯ SD. Statistical significance was tested with Student's t test (paired). P Ͻ 0.05 was taken as the threshold level for statistical significance. D.N.C. is an Established Investigator of the American Heart Association. This work was supported by National Institutes of Health Grants RO1 HL60784 and RO1 HL70628 (to D.N.C.), an American Heart Association Established Investigator Award (to D.N.C.), and the Viking Children's Fund (E.R.R.). 
